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Abstract 
River morphological change, prescribed environmental flow regimes, and the water supply ability of rivers are 
correlated. In water-scarce regions, the ability to ensure planned water supply reliability is a major criterion for 
deciding reasonable environmental flow and the morphology prescription for rivers. In this research, a method is 
proposed to determine reasonable environmental flow and morphology prescription. Using this method, three major 
morphology options are considered: 1) allowing the erosion of rivers 2) preserving the existing river morphology, and 
3) constructing new, smaller rivers. Different environmental flow regimes are designed that can support the three 
different morphology scenarios. The effect of river morphological and environmental flow settings on water supply 
ability is also explored. To demonstrate the applicability of the method, we employ China’s Tanghe River as a case 
study. The results show that the new method is useful for directing water supply and reservoir operations. 
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1. Introduction 
The natural flow regime plays a critical role in sustaining the biodiversity and ecological integrity of a 
river [1]. Altering the flow regime can cause many negative ecological impacts [2]. Maintaining the 
natural flow regime has become an essential principle for river ecosystem protection and restoration 
[1,3,4]. Reservoirs play an important role in promoting the advancement of civilization by improving 
water security, controlling floods and providing hydroelectricity. Despite the value of reservoirs for water 
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resources management in river regulation, reservoirs are criticized for their negative influences on river 
ecosystems [5,6].  
To reduce the negative ecological effects of reservoirs, researchers try to change the human benefit-
oriented reservoir operating method and establish new operating methods that can effectively protect the 
river ecosystem. One commonly used method for protecting river ecosystems is to incorporate the 
minimum environmental flow (e-flow) into the reservoir operating method. However, the provision of a 
single, minimum ‘e-flow’ may only protect one single or several target species and cannot protect the 
biodiversity of a river, which is controlled by the full range of the natural flow regime [1]. To protect the 
biodiversity of rivers, some researchers have taken the maintenance of   natural flow regime as the guide 
for establishing new reservoir operating methods [7-11]. 
Although the natural flow regime has become the paradigm for environmental flow assessment and 
river restoration, we need to reconsider whether it should be the paradigm for the rivers that are 
fragmented by dams. In the unregulated river without reservoirs and other human-made hydraulic 
facilities, the natural flow regime can sustain the natural sediment transportation in rivers. However, due 
to the trapping of sediment by reservoirs, the sediment load in the water release from the reservoir is 
greatly reduced. Once closed, dams and their reservoirs have acted as sediment sinks, reducing the 
turbidity of the river downstream. The trap efficiency of dams had been observed for individual dams 
ranging from 33% to 99% [12]. If the reservoir releases totally mimic the natural flow regime, the clear 
flows will cause serious erosion in the downstream rivers, especially in alluvial rivers. So, from the 
ecological point of view, the natural flow regime may be not suitable as a paradigm for dammed river 
protection, especially in the alluvial rivers.  
Different river morphology options require different environmental flow regimes to support them and 
correspond to different amounts of water that can be diverted to humans. In water-scarce regions, the 
ability to ensure planned water supply reliability should be considered a major criterion for deciding 
reasonable environmental flow and the morphology prescription of rivers. In this research, we try to 
illustrate the relationship among river morphological change, prescribed environmental flow regimes and 
the water supply ability of rivers, and to establish a method to determine reasonable environmental flow 
and morphology prescription according to a planned amount of water from the rivers. We first proposed 
three major morphology options, and then three environmental flow regimes were designed that could 
support the three morphology scenarios. To demonstrate the applicability of the method, we employ 
China’s Tanghe River as a case study. 
2. Method 
2.1. Morphology options 
Just as mentioned above, the present e-flow assessment methods and eco-friendly reservoir operating 
methods have not taken into consideration the potential morphological change in the river system caused 
by an imposed new flow regime. One implicit assumption is that releasing water from reservoirs through 
the existing river channel can maintain the morphology of the river system. However, due to sediment 
trapping by reservoirs, the sediment load in the released water will be obviously reduced. If floods with 
decreased sediment load are released, severe erosion may occur, especially for the alluvial rivers. For e-
flow prescription, three major morphology options need to be chosen from by decision makers.  
(1) Option 1: Allow the erosion of the existing river 
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Eroding the existing river is actually a ‘side-effect’ of reservoir operation. To maintain the ecological 
functions between the river channel and floodplains as well as within the floodplains, like aiding seed 
dispersal, adding nutrients to floodplains, flushing organic materials and woody debris into channels, 
recharging the floodplain water table, and improving soil moisture for plant seedlings, the floodplains 
need seasonal inundation by floods. However, due to the decreased sediment load in the release from 
reservoirs caused by the sediment blockage of reservoirs, the provision of floods will increase the erosion 
of floodplain and river channels, degrading the existing river system.  
The decision makers have to know that it is difficult to maintain the existing river form and sustain the 
full ecological functions simultaneously. The conflict of the two objectives is more obvious in alluvial 
rivers. If the river bed is bedrock and of low sediment-load, the two objectives may be achieved together. 
In addition, if the river is in a remote region or has a broad floodplain, and the loss caused by river 
enlargement can be accepted by humans, decision makers can allow the erosion of the river in order to 
maintain the full ecological functions in the river in the short term.   
(2) Option 2: Maintain the existing morphological condition of the river 
One implicit assumption for e-flow assessment and river management is that the river form will 
maintain the existing morphology after the planned flow regime is imposed on the river. To maintain the 
existing river morphology, flows with high erosive potential, like floods, should be eliminated, although 
the elimination of these flows will inevitably result in a failure to sustain the related ecological functions. 
 (3) Option 3: Construct a smaller river with similar morphology 
Due to sedimentation, the sizes of many rivers downstream of reservoirs have been decreased. With a 
change of river size, new floodplains and river channels evolve. We can try to maintain the ecological 
functions in the new, small river rather than in the old, large river. By optimizing the reservoir operating 
scheme to release water to the downstream river that mimics the upstream natural flow regime, the 
ecological functions in the new, smaller river can be the same as in the old natural one, and only the river 
size will be smaller. The new smaller river will need less water to sustain its ecological functions, which 
will be especially useful for delivering more water for humans. 
2.2. Environmental flow regimes 
Flows can be divided into four periods according to their magnitude: floods (flows equal to or greater 
than bankfull discharges), high flow pulses (flows greater than low flows but less than bankfull 
discharges), low flows (base flows in different months), and extreme low flows (flows equal to or less 
than the 95th percentile flow) [13]. During different flow periods, flows perform different ecological 
functions. To fully maintain the natural ecological functions in the natural rivers without dams, the full 
range of the natural flow regime is required. However, to deliver water to humans we have to modify the 
natural flow regime though reservoir operation. The new environmental flow regime would be expected 
to maintain the majority of ecological functions if all of the functions cannot be maintained. 
Based on present knowledge about the relationship between flows and their ecological functions, we 
could do some ecologically acceptable modification to the natural flow regime in the reservoir-absent 
rivers. The bank-ful discharge can start or maintain many flood-related ecological functions, like aiding 
seed dispersal, adding nutrients to floodplains, flushing organic materials and woody debris into channels, 
recharging the floodplain water table, and improving soil moisture for plant seedlings. The other 
ecological functions that cannot be maintained by floods can be sustained by some artificial methods, 
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such as trees planting and removing, and artificial channel form reformations. Thus, when the floods 
occur, the result can be reduced to be equal to the bankfull discharge. When in the period of low flows, 
the minimum environmental flow can be imposed on the river to maintain the ecological function, like  
ensuring the availability of habitats [14]. Few researchers have established quantitative relationships 
between flows and their ecological functions for the periods of high flow pulses and extreme low flows. 
Thus, a conservative approach to maintaining the ecological functions in the two periods is to keep their 
flow variability as natural as possible. 
Based on analysis of the ecologically acceptable flow regime modification in a reservoir-absent river 
as well as the three morphology options established above, we establish the following three possible 
environmental flow regimes created by reservoirs. 
(1) Environmental flow regime 1 
When flows are in different periods (floods, high flow pulses, low flows and extreme low flows), the 
e-flow requirements are different. We use three parameters I1, I2 and I3 (I1 > I2 > I3) to divide the inflow 
into four intervals: inflows greater than I 1 (interval 1), inflows between I 1 and I 2 (interval 2), inflows 
between I 2 and I 3 (interval 3), and inflows less than I 3 (interval 4). The values of I1, I2 and I3 will be 
discussed after establishing the e-flow management rules. When the flows are in different intervals, the e-
flow management rules are different, which are shown as follows (Fig. 1).  
 E-flow management rule 1: when the inflow is greater than I1, the e-flow can be equal to a fixed 
flow no less than the bankfull discharge.  
 E-flow management rule 2: when the inflow is between I1 and I2, the e-flow is set equal to the inflow 
less the planned water withdrawal for humans. 
 E-flow management rule 3: when the inflow is between I2 and I3, the e-flow is set equal to the 
minimum e-flow. 
 E-flow management rule 4: when the inflow is less than I3, the e-flow is set equal to the inflow. 
If the values of I1, I2 and I 3 are respectively set equal to the bankful discharge, 25th percentile of the 
flows and 95th percentile of the flows, the intervals 1, 2, 3 and 4 can be fully corresponding to the flow 
periods of floods, high flow pulses, low flows and extreme low flows. However, we don’t fix the values 
of I1, I2 and I 3 equal to them for the consideration of better ecosystem protection. Here, I1 is set equal to 
the sum of P (the planned maximum e-flow during floods) and the planned water supply to humans, and 
P should be equal to or greater than the bankfull discharge to start and maintain the major ecological 
functions in flood periods. With the increase of P, the flood regime can be better maintained, which 
would be more beneficial for the maintenance of the flood-related ecological functions; I2 is the minimum 
value of the flows that are operated by e-flow management rule 2 and should be equal to or less than the 
lower threshold of the high flow pulses (25th percentile of flows). With the decrease of I2, more flows in 
the period of low flows will be operate according to e-flow management rule 2, and more flows can be 
sustained in the river than the minimum e-flows, benefiting the maintenance of the ecological functions in 
the period of low flows. In addition, we suggest I3 should be equal to the minimum e-flow. (Here, we 
assume the minimum e-flow is no less than in the 95th percentile of the flows. Otherwise, I3 is set equal to 
the 95th percentile of the flows.) For any inflow less than the minimum e-flow, as compared with e-flow 
management rule 3, rule 4 would lead to less water for the river ecosystem, which is positive for humans 
for higher yields and would maintain a more natural flow regime, which is positive for a river ecosystem. 
As I3 gradually increases from 0 to the minimum e-flow, more flows would operate according to e-flow 
management rule 4, which benefits both humans and ecosystems. However, if I3 is greater than the 
minimum e-flow, compared with the results of I3 equal to the minimum e-flow, more water would be 
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released from the reservoir, reducing the amount of stored water. Thus, we set I3 as equal to the minimum 
e-flow [9-10] (Yin et al., 2011a, 2011b).  
 (2) Environmental flow regime 2 
To maintain the morphology of the alluvial river, we cannot provide e-flows greater than the bankfull 
discharge. And the 5th percentile of flows is commonly considered to be effective to flush the sand in the 
river bed without causing erosion. So the high flow pulses and the floods should be capped below the 5th 
percentile of flows to maintain the existing river morphology. 
We also use three parameters L1, L2 and L3 (L1 > L2 > L3) to divide the inflow into four intervals: 
inflows greater than L1 (interval 1), inflows between L1 and L2 (interval 2), inflows between L2 and L3 
(interval 3), and inflows less than L3 (interval 4). The values of L1, L2 and L3 will be discussed after 
establishing the e-flow management rules. When the flows are in different intervals, the e-flow 
management rules are different, shown as follows (Fig. 1).  
Similar to environmental flow regime 1, we design the following operating rules: 
 E-flow management rule 5: when the inflow is greater than L1, the e-flow can be equal to the 5th 
percentile of flows 
 E-flow management rule 6: when the inflow is between L1 and L2, the e-flow is set equal to the 
inflow less the planned water withdrawal for humans. 
 E-flow management rule 7: when the inflow is between L2 and L3, the e-flow is set equal to the 
minimum e-flow. 
 E-flow management rule 8: when the inflow is less than L3, the e-flow is set equal to the inflow. 
Here, L1 is set equal to the sum of the 5th percentile of flows and the planned water supply so that the 
high flows can flush the sand in beds and avoid the erosion of rivers, maintaining the morphology of 
rivers; L2 is the minimum value of the flows that are operated by e-flow management rule 6, and should 
be equal to or less than the lower threshold of the high flow pulses (25th percentile of flows); L3 is also set 
equal to the minimum e-flow.  
(3) Environmental flow regime 3 
 We suppose the ratio of the bankfull discharge of the new smaller river to that of the existing river is 
K, and we use the ratio K to create a preliminary estimate of the required environmental flow regime in 
the new, smaller river. We also use three parameters R1, R2 and R3 (R1 > R2 > R3) to divide the inflow into 
four intervals. When the flows are in different intervals, the e-flow management rules are different, shown 
as follows (Fig. 1).  
 E-flow management rule 9: when the inflow is greater than R1, the e-flow can be equal to a fixed 
flow no less than the bankfull discharge of the new, downstream smaller river.  
 E-flow management rule 10: when the inflow is between R1 and R2, the e-flow is set equal to K times 
the inflow less the planned water withdrawal for humans. 
 E-flow management rule 11: when the inflow is between R2 and R3, the e-flow is set equal to the 
minimum e-flow of the new, downstream smaller river. 
 E-flow management rule 12: when the inflow is less than R3, the e-flow is set equal to K times the 
inflow. 
Here, R1 should be no less than the sum of the bankfull discharge of the existing river and the planned 
water supply; R2 is the minimum value of the flows that are operated by e-flow management rule 2, and 
should be equal to or less than the lower threshold of the high flow pulses (25th percentile of flows) of the 
existing river; R3 is also set equal to the minimum e-flow of the existing river.  
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Fig. 1. Hydrographs of the natural inflow regime and three established environmental flow regimes corresponding to three different 
river morphology options. BD denotes the bankfull discharge in the existing river morphology; 25th P denotes the 25th percentile of 
the natural inflows into the reservoir; 5th P denotes the 5th percentile of the natural inflows into the reservoir; MEF denotes the 
minimum environmental flow of the existing river; NBD denotes the new bankfull discharge of the new, smaller river; 25th PN 
denotes the 25th percentile of all flows in the new, smaller river; MEFN denotes the minimum environmental flow of the new, 
smaller river. 
2.3. Water supply reliability-based approach to determining the reasonable environmental flow regime 
and river morphology option 
Delivering water with planned water supply reliability is an essential task for most reservoir operations. 
The three environmental flow regimes established above will yield different water supply reliability. The 
ability to provide the planned water supply reliability should be a major criterion for determining the 
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reasonable river morphology option and the environmental flow regime, especially in the situation of 
increasing pressure on water supplies in the future. 
The first environmental flow regime will retain the greatest amounts of water in the river, resulting in 
lowest water supply reliability as compared with the other two schemes. The third environmental flow 
regime will sustain the least water in the river, increasing water supply reliability. The decision makers 
can first calculate the maximum possible water supply reliability for the first two schemes. If only the 
second scheme can provide the planned reliability, this scheme can be adopted. If both schemes can 
provide the planned reliability, the decision makers should determine whether to maintain the existing 
river morphology. If the maintenance of the existing river morphology is preferred, then the second 
scheme is reasonable; otherwise, the first scheme will be recommended. If neither scheme can deliver the 
planned reliability, constructing a smaller river and adopting environmental flow regime 3 are needed 
(Fig. 2).   
To calculate the maximum possible water supply reliability under different environmental flow 
regimes and different geomorphology options, we need to combine the human water supply scheme with 
the different e-flow regimes. Reservoir operating rule curves (RORCs) are the most commonly used tools 
for directing reservoir operations to ensure high water supply reliability. Typical RORCs (the upper limit 
curve, the lower limit curve and the critical limit curve) are shown in Fig. 3. These three curves can 
divide the reservoir into four zones. When the water levels are in different zones, reservoirs are operated 
with different water supply hedging rates: when the reservoir water level is above the lower limit curve, 
the planned water supply can be delivered; when the water level is between the critical limit and the lower 
limit curves, the water supply should reduced by α percent; when the water level is lower than the critical 
limit, the water supply is reduced by β percent; α and β (0<α<β<100) are hedging rates empirically 
determined by the reservoir managers. Changes in these curves could influence both the water supply 
reliability and the satisfaction of e-flow requirements. Each of the three curves can be described by six 
parameters: two describe the high and low storage level zones, and the other four describe the start and 
ending times of the linear transition zones between the high and low storage levels [8-10, 15-17]. We can 
employ the genetic algorithm to optimize the parameters in the environmental flow regimes and the 
reservoir operating rule curves for determining the maximum possible water supply reliability under 
different environmental flow regimes and different geomorphology options. 
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Fig. 2. Flow chart for reasonable environmental flow regime determination 
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Fig. 3. Typical reservoir operating rule curves. 
 
3. Study site 
The Tanghe River is an important river in northern China. It is about 123 km long, with a drainage 
area of 1462 km2. The Tanghe Reservoir is a major hydraulic facility on the upper stream of the Tanghe 
River basin in China, with a storage capacity of 707 × 106 m3 and a drainage area of 1,228 km2. The 
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reservoir is used for flood control as well as domestic and industrial water supply. It provides water for 
four major water users: the Liaoning Chemical Industry Group, Anshan Domestic Water Supply 
Company, Liaoyang Domestic Water Supply Company, and Gongchangling Mine Industry Company. 
The current planned water supplies for these users are 54.8 × 106 m3, 73 × 106 m3, 36.5 × 106 m3 and 18.3 
× 106 m3 in one year, respectively. To illustrate the method here we use a simple set of minimum 
environmental flows for the existing river. The minimum environmental flows for the wet (May – 
October) and dry (November – April) seasons are here determined by the simple and widely used 
Montana method [15]. Accordingly, the wet season e-flow is set at 30% of average daily flow and the dry 
season e-flow at 10% of average daily flow, which are equal to 2.06 m3/s and 0.69m3/s, respectively. The 
bankfull discharge is reported to occur every 1 to 2 years, with a 1.5-year frequency on average [16]. We 
use the 1.5-year flood as an estimate of the bankfull discharge, which is equal to 42.38 m3/s for the 
existing river channel. In addition, the 5th and 25th percentiles of flows are equal to 21.97 m3/s and 6.43 
m3/s, respectively. 
4. Results and discussion 
We employ the genetic algorithm to calculate the maximum possible water supply reliability under the 
first two environmental flow regimes, respectively. The corresponding maximum reliability is equal to 
57.4% and 66.6% for the two environmental flow regimes, respectively. Thus, if the planned water supply 
reliability is no more than 57.4%, both environmental flow regimes can be adopted, and both the 
degradation and maintenance of the existing river morphology are acceptable from the water supply point 
of view; if the planned reliability is between 57.4% and 66.6%, the first environmental flow regimes are 
not acceptable, and erosion of the river not acceptable from the water supply point of view; if the planned 
reliability is more than 66.6%, neither of the two environmental flow regime is acceptable, and, 
consequently, a smaller river and environmental flow regime 3 corresponding to the new river should be 
adopted. 
4.1. Possible zones for employing environmental flow regimes 1 and 2 
We further calculate the maximum possible water supply reliability for different planned water 
supplies under the first two environmental flow regimes, which is shown in Fig. 4. The planned water 
supplies range from 1 m3/s to 6.4 m3/s (the annual average flow) with an increment of 0.5 m3/s. In Fig. 4, 
the two curves for the two environmental flow regimes can divide the space into three zones. Zone 1 is 
below the yield-maximum reliability curve for environmental flow regime 1. When the planned water 
supply reliability is in this zone, all of the three environmental flow regimes and the three morphology 
options are acceptable. Zone 2 is between the two yield-maximum reliability curves for the first two 
environmental flow regimes. When the planned water supply reliability is in this zone, the first 
environmental flow regimes and erosion of the existing river are unacceptable, while the options of 
maintaining the existing river morphology and construction of some new smaller rivers as well as their 
corresponding environmental flow regimes are acceptable. Zone 3 is above the yield-maximum reliability 
curve for environmental flow regime 2. When the planned water supply reliability is in this zone, only the 
morphology option of constructing a new, smaller river can be acceptable, and the corresponding 
environmental flow regimes should be adopted. 
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Fig. 4. Maximum possible water supply reliability for different planned water supplies under the first two morphology options. BD 
is the abbreviation for bankfull discharge. Existing BD corresponds to the morphology option of allowing erosion and the 
environmental regime of releasing the existing bank-ful discharge. 5th percentile corresponds to the morphology option of 
maintaining the existing river morphological condition, and the maximum magnitude of the environmental flow regime is in the 5th 
percentile of all inflows to the reservoir. 
4.2. Possible water supply under different morphology options 
As the size of a river decreases, the corresponding bankfull discharge decreases. Fig. 5 shows that as 
the bankfull discharge decreases (i.e., river size decreases), the corresponding maximum possible water 
supply reliability increases, demonstrating that through modifying the river morphology to reduce the 
river size we can deliver higher water supply reliability. If ensuring high water supply reliability is the 
major task for reservoir operation and river management, reducing the river size will be a possible way to 
ensure the planned water supply reliability if the attempt to maintain the existing river morphology fails 
to do so. The effect of improving water supply reliability is especially obvious when the river size 
changes from the existing size to 90% of the size (90% of the existing bankfull  discharge), and thus the 
decision makers can reduce the river channel by 10% as a first choice, if environmental flow regime 1 has 
already been able to meet the planned reliability and the decision makers want to further improve 
reliability. 
Fig. 5 also shows that the maximum possible water supply reliability corresponding to environmental 
flow regime 2 for different planed water supplies is higher than that corresponding to the scenario of 10% 
bankfull discharge reduction. It indicates that being able to improve water supply reliability through 
reducing river size can be obvious only when the river size reduction exceeds a certain threshold. The 
decision makers can look to Fig. 5 to roughly estimate needed river size reduction to meet a given water 
supply requirement. 
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Fig. 5. Maximum possible water supply reliability for different planned water supplies and different morphology options. BD is the 
abbreviation for bank-ful discharge. Existing BD corresponds to the morphology option of allowing erosion and the environmental 
regime of releasing the existing bankfull  discharge. X% BD corresponds to the morphology option of constructing a new, smaller 
river whose size is X% of the existing river. 5th percentile corresponds to the morphology option of maintaining the existing river 
morphology condition, and the maximum magnitude of the environmental flow regime is 5th percentile of all inflows to the reservoir. 
 
We further calculate the maximum possible planned water supply (MPPWS) under different planned 
water supply reliability and different morphology options. The results are shown in Fig. 6.  Fig. 6 shows 
that under different morphology scenarios the MPPWS decreases with increase of the planned water 
supply reliability. In addition, as the river size decreases, the MPPWS increases any given supply 
reliability, which means that to increase the water supply to humans while maintaining planned supply 
reliability, the decision makers can choose to reduce river size. 
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Fig. 6. Maximum possible yields under different water supply reliability and different morphology options. BD is the abbreviation 
for bankfull  discharge. Existing BD corresponds to the morphology option of allowing erosion and the environmental regime of 
releasing the existing bank-ful discharge. X% BD corresponds to the morphology option of constructing a new, smaller river whose 
size is X% of the existing river. 5th percentile corresponds to the morphology option of maintaining the existing river morphology 
condition, and the maximum magnitude of the environmental flow regime is in the 5th percentile of all inflows to the reservoir. 
5. Conclusions 
In this paper we illustrate the relationships among river morphological change, prescribed 
environmental flow regimes and the water supply ability of rivers. We propose three major morphology 
options: 1) allowing the erosion of rivers  2) preserving the existing river morphology  and 3) constructing 
new, smaller rivers, and we also offer three corresponding environmental flow regimes. The natural flow 
regime corresponds to the first morphology option and the first environmental flow regime. A reasonable 
environmental flow regime depends on the preferred river morphology and planned water supply 
reliability. The natural flow regime can be reasonable for the scenario of low amounts of water 
withdrawal and/or rigid, bedrock or broad floodplain rivers. For high water supply reliability, we need to 
employ other environmental flow regimes and the corresponding morphology options. 
This paper has theoretically established a third river morphology option of constructing new, smaller 
rivers. The smaller the new rivers, the higher the water supply reliability. The reasonable reduction 
proportion of the river size depends on the planned water supply reliability, the sediment availability, 
ecological protection objectives, and other factors. In future research we could further analyze the 
reduction proportion, considering more related factors. 
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